Context: Sex and age are factors conferring resistance to medical treatment in patients with acromegaly. However, their impact on outcomes of transsphenoidal-selective adenomectomy (TSA) has not been evaluated.
myocardial hypertrophy, hypertension, diastolic dysfunction, ventilatory dysfunction, and sleep apnea (2, 3) . Transsphenoidal-selective adenomectomy (TSA) is the treatment of choice among patients with acromegaly. Resection is performed, not only for resectable somatotroph adenomas but also for those that cause visual impairment (4) , even if complete resection of the tumor is impossible. The surgical success rate is known to be associated with tumor size and invasiveness. Patients with small and noninvasive tumors are more likely to achieve surgical remission than large and invasive tumors (5, 6) . The complete resection rate of microadenomas is ;80% to 90%; however, the cure rate with surgery drops to 50% in the cases of macroadenomas (7) . Additionally, some studies showed that the recurrence rate after the initial surgical remission may reach up to 10% (6, 8, 9) .
Several studies have been conducted on the prognostic factors of acromegaly (10, 11) . Fernandez-Rodriguez et al. (10) demonstrated that the main prognostic factors of acromegaly were increasing tumor size, tumor volume, high baseline GH/IGF-1 levels, a .3% Ki-67 level, young age, magnetic resonance imaging (MRI) T2 hyperintensity, and sparsely granulated tumors. Meanwhile, several studies focused on the sex differences associated with these factors but have not shown consistent results. Some authors reported that female patients had higher circulating baseline GH levels and more aggressive and larger pituitary tumors than male patients. Furthermore, a stronger correlation between tumor volume and GH levels was observed among female patients than among male patients (12) . However, another study found that the nadir GH levels did not differ between sexes in any participant group (13) . Additionally, although the normal IGF-1 level is known to decline with age, data available regarding age-related changes in tumor size, invasiveness, and surgical outcomes among patients with acromegaly are scarce. Despite the fact that many studies have been conducted, data on selection of patients who are more likely to benefit from available therapies, show resistance to treatments, and have a higher probability of tumor recurrence remain sparse.
Therefore, this study aimed to investigate the effect of sex and age on GH and IGF-1 concentrations, tumor size and invasiveness, and surgical outcomes among patients with acromegaly.
Materials and Methods

Study populations
A total of 491 Korean patients with acromegaly underwent TSA between January 2000 and July 2014 in Severance Hospital, Seoul, South Korea. The operations were performed by one neurosurgeon (S.H.K.). Twenty-eight out of 491 patients were excluded from the study because appropriate endocrinological evaluations were not performed. We reviewed the data of 463 patients with acromegaly who underwent appropriate endocrinological evaluations and were followed up for at least 3 years after TSA until July 2014. The endocrinological evaluations included 75-g oral glucose tolerance tests (OGTTs), along with measurement of IGF-1; OGTTs and measurement of IGF-1 were performed every 6 months during the first 3 years after surgery and then annually. The combined pituitary function test was also performed. These patients were divided into four groups based on their sex and age: men aged ,50 years, premenopausal women, men aged $50 years, and postmenopausal women.
Pituitary tumors were classified based on radiological findings, using MRI of the sella and parasellar regions, as previously described (14) . In brief, classification I refers to tumors that are ,1 cm in diameter and limited within the sella. Classification II pertains to adenomas that extend into the suprasellar region to ,1 cm from the diaphragmatic border. Classification IIIA includes tumors extending into the suprasellar space to .1 cm from the diaphragmatic border, whereas classification IIIB consists of adenomas extending into the sphenoid sinus, encroaching on the internal carotid arteries. Lastly, classification IV refers to adenomas with obvious invasion into the cavernous sinus, as shown on the MRI, and the medial dural wall of the cavernous sinus, as confirmed during the operation.
Immediate postoperative dynamic MRI of the sella was conducted within 48 hours after TSA to determine whether surgical resection was complete, which was then compared with that conducted 1 year following TSA. Subsequently, MRI was performed annually to find any evidence of recurrence and every 2 or 3 years if the patients reached biochemical remission at 4 years after TSA. Surgical remission is defined as ,1 ng/mL nadir serum GH level based on the result of the 75-g OGTTs, age-and sex-matched normal IGF-1 level, and absence of a remnant tumor, as shown in the postoperative MRI. Long-term remission refers to a remission status that is maintained for .3 years. This study was approved by the Institutional Review Board of the Yonsei University College of Medicine (4-2017-0568) . In accordance with the Institutional Review Board approval for reviewing the medical records of the patients, we collected and analyzed data through the electronic medical records system of Yonsei University College of Medicine.
Endocrinological evaluation
Before the surgery, the serum GH level was measured from sera obtained during a 75-g OGTT using a previously described protocol (5) . OGTT was performed 1 week after TSA, every 6 months for 3 years, and then annually. Suppression of GH to ,1 ng/mL in the 75-g OGTT was considered representative of biochemical remission. Before February 2010, GH levels were measured using an immunoradiometric assay (hGH 100T Kit; Nichols Institute, San Juan Capistrano, CA) with a sensitivity of 0.02 ng/mL. The within-assay coefficient of variation (CV) ranged from 2.8% to 4.2%, and the interassay CV varied from 3.5% to 7.2%.
After February 2010, GH levels were measured using an immunoradiometric assay (hGH-RIACT; CIS Bio International, Gif-sur-Yvette, France) with 0.03 mIU/mL sensitivity. The within-assay CV ranged from 1.3% to 2.1%, and the interassay CV varied from 3.8% to 5.0%. The World Health Organization's international standard (98/574) was used to measure the GH level. Before July 2005, IGF-1 levels were measured using an immunoradiometric assay system (DSL-5600 Active; Diagnostic Systems Laboratories, Webster, TX) with 0.80 ng/L sensitivity. The within-assay CV ranged from 1.5% to 3.4%, and the interassay CV varied from 1.5% to 8.2%. After July 2005, IGF-1 levels were measured using an immunoradiometric assay system (IGF-1 NEXT IRMA CT; Biocode Hycel, Liège, Belgium), with a minimum detectable IGF-1 concentration of 1.25 ng/L. The interassay and within-assay CV ranges of IGF-1 were 7.4% to 9.1% and 2.6% to 4.4%, respectively (14) .
Statistical analysis
Continuous variables are expressed as means 6 standard deviation. Independent t tests were used for the analysis of continuous variables to compare the groups based on sex and age. Categorical variables, such as the tumor characteristics or remission rate of each group, were analyzed using x 2 tests. A linear mixed model was used to analyze the immediate surgical outcomes. Meanwhile, multivariate binary logistic regression analysis was used to predict the factors associated with surgical failure among patients with acromegaly. P , 0.05 was considered statistically significant. Statistical analysis was performed using SPSS version 23 (IBM, Armonk, NY).
Results
Clinical and biochemical characteristics
A total of 463 patients (203 men, 260 women) with acromegaly underwent TSA, and the mean age of the participants was 42.9 6 11.3 years. The mean follow-up duration after TSA was 61.4 6 40.4 months. The mean preoperative random serum GH and IGF-1 levels were 26.5 and 716.5 ng/mL, respectively. Furthermore, the mean maximal tumor diameter was 17 6 7.9 mm (range: 3-47 mm). Among the 463 patients, 117 (25.3%) had adenomas with cavernous sinus invasion. Total tumor resection was performed in 411 patients (88.8%). The long-term surgical remission rate was 82.3% (381 out of 463 patients; Table 1 ).
Sex differences in clinical characteristics
Supplemental Table 1 presents the differences in the clinical characteristics of the participants based on sex. Women with acromegaly tended to be older than men with acromegaly (45.2 6 11.4 vs 39.9 6 10.3 years, P , 0.001). Additionally, women had a lower preoperative IGF-1 level (667.1 6 197.4 vs 781.7 6 254.8 ng/mL, P , 0.001) than did men, although statistically, different random, preoperative GH levels were not observed between sexes. Women also had a larger tumor size than did men (18.0 6 8.2 vs 15.7 6 7.3 mm, P = 0.002). Moreover, women had a higher proportion of tumors with cavernous sinus invasion (29.2% vs 20.2%, P = 0.026) than did men. Given these reasons, women had a significantly lower total tumor resection rate than did men (85.8% vs 92.6%, P = 0.021). As a result, women had a lower long-term surgical remission rate (76.5% vs 89.7%, P , 0.001).
Comparison of characteristics by age group
Supplemental Table 2 demonstrates the differences in the clinical characteristics of participants based on age group. The result of the analysis showed that younger age groups (premenopausal women and men aged ,50 years) had higher preoperative, random GH (29.7 6 30.1 vs 19.2 6 27.3 ng/mL, P = 0.001), OGTT nadir GH (22.4 6 22.5 vs 14.2 6 15.8 ng/mL, P , 0.001), and IGF-1 (735.1 6 229.6 vs 675.6 6 228.9 ng/mL, P = 0.02) levels than did older groups (postmenopausal women and men aged $50 years). Furthermore, younger groups had a longer mean maximal tumor diameter than did older groups (17.9 6 8.3 vs 15.2 6 6.8 mm, P , 0.001). The younger age groups also had a higher proportion of adenomas with cavernous sinus invasion than did older age groups (28.2% vs 18.8%, P = 0.03). On the contrary, younger age groups showed a lower total tumor resection rate than did older age groups (85.6% vs 95.8%, P = 0.001). Given these findings, long-term surgical remission is more difficult to achieve in younger age groups than in older age groups (79.0% vs 89.6%, P = 0.006).
Age-and sex-matched comparison of the clinical parameters and characteristics of tumor
As shown previously, the clinical features differed depending on the age and sex of the participants. Table 2 shows the age-matched and sex-matched comparison of Therefore, premenopausal female patients displayed a lower total tumor resection rate than did men aged ,50 years (Table 2) . Regarding anterior pituitary function, measured via preoperative and postoperative combined pituitary function tests, the proportion of worsened hypopituitarism after surgery was also found to be higher in premenopausal women than in men aged ,50 years (11.6% vs 3.8%, P = 0.009). However, there was no significant difference in surgical remission rate among the patients with tumors with cavernous sinus invasion from all groups (Supplemental Table 3 ).
Comparison of surgical outcomes Figures 1 and 2 present the immediate changes in GH levels after surgery and immediate surgical outcomes in each group, respectively. Premenopausal women tended to have higher serum GH levels over time after surgery than did the other groups. Furthermore, premenopausal women were more likely to have remnant mass, as shown in the postoperative MRI than did the other groups (Fig. 2) . Consequently, premenopausal women achieved less immediate postoperative biochemical remission than the other groups. In immediate postoperative OGTTs, fewer premenopausal women reached ,1 ng/dL nadir GH levels than did men aged ,50 years (59.9% vs 87.7%, P , 0.001). A similar trend was observed, even in the long-term remission rate. Premenopausal women also had the lowest long-term remission rate among all groups (Fig. 3 ).
Factors associated with surgical failure among patients with acromegaly
Multivariate logistic regression analysis was used to determine the factors associated with surgical failure among patients with acromegaly. The results showed that younger age [premenopausal women and men aged ,50 years; odds ratio (OR), 3.48; 95% confidence interval (CI), 1.21 to 10.03, P = 0.021], female (OR, 3.63; 95% CI, 1.37 to 9.60, P = 0.009), large tumor size (OR, 1.16; Abbreviations: F, female; M, male. a P for the proportion of tumor classification IV in each group.
95% CI, 1.09 to 1.24, P , 0.001), and cavernous sinus invasion (OR, 5.68; 95% CI, 1.11 to 29.08, P = 0.037) were significantly associated with surgical failure among patients with acromegaly (Table 3) .
Discussion
Our study demonstrated that women with acromegaly tend to have relatively lower serum IGF-1 levels and more invasive and larger tumors than do men. Moreover, younger patients (premenopausal women and men aged ,50 years) have a more biochemically hyperactive disease status and more aggressive adenomas than do older patients (postmenopausal women and men aged $50 years). Thus, there were fewer premenopausal women who achieved immediate improvement after surgery or long-term remission than did the other groups. Therefore, age, sex, and tumor size and invasiveness are associated with disease features and surgical outcomes of patients with acromegaly. Although some studies have been conducted on sexspecific differences in acromegaly, they produced inconsistent results, and their findings were insufficient to suggest a clear conclusion (12, 13) . Therefore, the results of the current study, where a single surgeon performed the surgery to reduce bias related to the surgical technique used, are important in clarifying the clinical features and prognosis after surgery of acromegaly based on sex. Our group has published several studies on surgical remission Figure 1 . Immediate hormonal changes after TSA. Mean immediate postoperative serial, random GH levels of each group. Premenopausal women had higher immediate serial GH after TSA than did the other groups (P = 0.026 and ,0.001 for group and time, respectively; P = 0.788 for group and time interaction). of acromegaly that revealed surgical remission rates of ;75% to 84%, which is similar to that in the current study (14) (15) (16) ).
In the current study, baseline GH levels were not different between sexes, but the mean preoperative IGF-1 level was lower in women. Previous data regarding sexspecific differences in GH and IGF-1 levels in patients with acromegaly have not been consistent. This may be related to experiments showing that oral estrogens attenuate GH receptor signaling and IGF-1 production, as well as stimulate GH secretion by reducing negative feedback of IGF-1 (17, 18). Duarte et al. (19) reported that estrogens are capable of reducing IGF-1 production, possibly through suppressor of cytokine signaling 2 protein upregulation, which impairs the Janus kinase-signal transducer and activator of transcription pathway. In addition, in patients with acromegaly, for a given serum GH level, women were estimated to have lower serum IGF-I values than men (20) . Furthermore, an analysis of 1485 patients from the German Acromegaly Register revealed higher random GH levels and IGF-1 levels in men (21) . However, another study showed no sex differences in baseline GH and IGF-I levels in patients with acromegaly (13) . A Japanese group showed that women had lower serum IGF-I levels, whereas GH levels did not differ from those in men (22) . Consistent with the current study, serum IGF-I level was lower in women aged ,50 years than in men aged ,50 years; however, this sex difference was not observed in patients aged $50 years. In addition, another study reported comparable random GH levels with lower IGF-I levels in women (23) . Our study also demonstrated that the preoperative OGTT nadir GH levels did not differ between women and men. Thus, our results, which are similar to those of Freda et al. (13) , do not support the establishment of separate OGTT nadir GH criteria between men and women for diagnosis of acromegaly.
Previous reports show that with regard to tumor size, younger female patents tended to have larger adenomas or more macroadenomas; however, the difference was not statistically significant as a result of small sample sizes (23) (24) (25) . Moreover, in an analysis of 18 patients with acromegaly, male sex was associated with a poor outcome; however, the study only included a small number of patients without cavernous sinus invasion (26) . In addition, although several studies demonstrated the effect of sex on outcomes of treatment with somatostatin analog (12, 27) , no study with a large sample size has provided evidence for a difference in surgical prognosis based on sex. The current study uses a large set of patients in suggesting that premenopausal women have larger and more aggressive GH-secreting adenomas than do men. Hence, women have a statistically, significantly higher probability of surgical failure from TSA than do men.
One of the reasons why women have larger and more advanced pituitary tumors than do men is that women tend to be diagnosed later compared with men. The diagnosis of acromegaly typically takes several years because of the initially nonspecific and slow progression of clinical symptoms. In past studies, the diagnosis of acromegaly takes an average of 8 years (28, 29) , although relatively recent studies reported a reduced period of 2.5 6 4.6 years, as a result of the development of brain MRI images; however, the establishment of diagnosis still takes a long time (30) . Kreitschmann-Andermahr et al. (31) showed that the mean duration for seeking medical advice for the diagnosis of acromegaly was 2.9 years, with women and men receiving a diagnosis of acromegaly at an average duration of 4.1 and 1.6 years, respectively (P = 0.001). Additionally, women consulted more doctors than did men in the process (4.0 vs 2.7 doctors, P , 0.001) (31) . With the consideration that early diagnosis and appropriate treatment are key factors in the prognosis of acromegaly, the education of patients on the early manifestations of acromegaly is important so that they can visit the hospital as soon as possible. Moreover, clinicians should be aware of the possibility of the (10) . Among them, age and sex are the basic clinical parameters that can be considered easily before surgery. However, how these factors influence the surgical outcome of patients with acromegaly remains to be elucidated. Besides the time of diagnosis already mentioned previously, hormonal status might be one of the reasons why more premenopausal women have more invasive tumors than do men aged ,50 years. In rat studies, chronic estrogen administration induces the development of prolactin secretory tumors (32) . Estrogen is also known to activate expression of genes implicated in pituitary tumorigenesis, such as pituitary tumor-transforming gene, transforming growth factor a and b, fibroblast growth factor b, and fibroblast growth factor b receptor. Another study that evaluated estrogen receptor expression in human pituitary adenomas demonstrated that some somatotrophinomas contain estrogen receptors. Somatotrophinomas, which express estrogen receptors, were large and aggressive tumor types (33) . Based on these findings, the clinical features of tumors among premenopausal women might be attributed to estrogen. However, further studies are needed to validate this mechanism.
The existence of larger and more aggressive GHsecreting adenomas among women than men is also confirmed by the results of the subgroup analysis based on age. In the current study, younger patients presented with more biochemically hyperactive disease status and larger and invasive tumors than older patients. This finding is consistent with the results of several related studies (23, 34, 35) . Additionally, the results of our age-based subgroup analysis revealed that women have lower IGF-1 levels and larger tumors than do men, and this trend is particularly pronounced in younger patients. In particular, premenopausal women had larger and more aggressive tumors than did the other groups, including postmenopausal women. Therefore, complete resection of the pituitary tumor mass through surgery is more difficult to achieve and results in a lower remission rate in premenopausal women than that in the other groups. Thus, premenopausal women displayed lower, long-term remission rates and worse postoperative pituitary function than did the other groups.
This study suggests the effect of sex and age on the surgical prognosis of acromegaly. The effect of sex on the prognosis was confirmed by the results of the subgroup analysis based on age. Nevertheless, this study has some limitations. With the consideration of the retrospective design of this study, potential bias during data collection might exist. Furthermore, the patients included in this study were all from a tertiary medical center in South Korea. Hence, prospective studies conducted among a large number of patients from multiple centers are needed. We also did not investigate the time duration since the patient developed symptoms nor the number of doctors they visited during that period. On average, the longer time from symptom onset to the diagnosis of acromegaly among women is associated with the increased aggressiveness of the disease. An investigation on these aspects would have strengthened the findings of this study.
In conclusion, the results of our study are consistent with those of previous studies, where younger age, long maximal tumor diameter, and presence of cavernous sinus invasion were significantly associated with surgical failure among patients with acromegaly (10, 11) . Additionally, we found that women, especially premenopausal women, have larger, more aggressive tumors than do men, so the probability of surgical failure is higher in women. The findings of this study should be considered when treating patients with acromegaly.
